Abstract. Reinforced concrete (RC) structural members strengthened with ultrahigh-performance concrete (UHPC) have shown excellent performance in past experimental investigations. However, methods of predicting their capacity are currently very limited. This paper presents six independent methods of predicting the shear capacity of UHPC-concrete composite members based on the application of existing design codes. Three of these methods are based on the conversion of the volume fraction of steel fibres in the UHPC in an equivalent longitudinal steel ratio. The other three methods involve the computation of the shear strength as a sum of the contributions to the shear strength by the RC member and the UHPC layer, each of which is independently calculated. It was demonstrated that the proposed methods based on existing design codes are able to predict the strength of UHPC-concrete composite members with reasonable accuracy.
Introduction
Recently, ultrahigh-performance concrete (UHPC) has been increasingly considered as a potential tool in strengthening reinforced concrete (RC) structural elements. Methods of using UHPC to strengthen parts of structures that fully exploit the outstanding properties of UHPC have been proposed by Brühwiler and Denarie (2008) . They validated these methods using four full-scale applications. Their study has demonstrated that UHPC is excellently suited for use in either cast-in-situ or precast applications.
Over the last two decades, many experimental studies have been conducted on UHPC-concrete composite members (Brühwiler, Denarie 2008; Alaee, Karihaloo 2003; Habel et al. 2007; Noshiravani, Brühwiler 2013a , 2013b Yin et al. 2017) . The excellent properties of UHPC in terms of strain hardening and energy absorption (Graybeal, Baby 2013; Habel 2004; Yoo, Banthia 2016; Graybeal 2005; Yoo, Yoon 2016; Wille et al. 2014) lead to members showing significantly improved structural performance after being strengthened with a UHPC layer. In addition, UHPC has been applied to the strengthening of RC members in the form of precast plates (Alaee, Karihaloo 2003) , overlays (Habel et al. 2007; Noshiravani, Brühwiler 2013b; Oesterlee 2010) , and patch material for rehabilitation (Yin et al. 2017) . UHPC has been shown to greatly influence the overall response of structural members, including their cracking development patterns, ultimate strength, and ductility.
However, studies on analytical methods for the shear strength prediction of composite structural members have been very limited. Noshiravani and Brühwiler (2013a) have reported an analytical model for the flexural-shear resistance of composite beams. They adopted an elasticplastic fictitious composite hinge model for the cracking in RC members and considered the interaction between the two elements of the composite members; however, this method requires several analytical steps.
For non-composite members, the structural capacity can be obtained using existing design codes. Several current design codes for RC structural members, such as ACI 318 (2008) , or for fibre-reinforced concrete (FRC) members, such as ACI 544 (1988) , involve the calculation of the shear strength as the sum of the shear force resisted by normal-strength concrete (NSC) or UHPC and by shear reinforcement.
To date, no design provisions have been made available for the prediction of the shear capacity of UHPC-concrete composite members. Methods that can be used to predict the shear capacity are therefore needed. Applications based on the modification of existing design models of RC or FRC structures could be useful because they are simple and easy to use.
For this purpose, this paper introduces six methods of predicting the shear capacity of UHPC-concrete composite members based on modifications to existing design models. Nine UHPC-concrete composite slabs tested by Yin et al. (2017) were used to verify the proposed methods. The remainder of this paper is organized as follows. A brief description of the current design models for noncomposite members is provided. The six methods are then described in detail, and the predicted shear capacities are verified against test results. Moreover, the predicted failure mode derived from the calculated flexural moment reported by is discussed. In addition, the present paper expands on a previous study by adding new methods, results, and findings.
Description of specimens and test results

Geometric details of specimens
This section gives the parameters of RC slabs strengthened with various UHPC configurations that were previously tested by Yin et al. (2017) and summarises the test results, which were used to validate the analytical methods in the present study. The different UHPC thicknesses and the presence or absence of the additional steel rebar in UHPC layer of the slab specimens as seen in Figure 1 could allow to assess the influence of the suitability of the methods for calculating the shear capacity. The full details of the previous experiment can be found in the original document (Yin et al. 2017) .
Nine slabs of 1600 mm in length with the clear span of 1200 mm were tested in the previous study. The non-composite specimens (RE-0 and RE-100) had a shear span-toeffective depth (a/d) ratio of 8.11. Of nine specimens, five were classified into the RE series, which had UHPC patches of different thicknesses applied in the tension zone for the repair and rehabilitation of the structural members. All slabs in the RE series had five high-tensile-strength rebars of 12 mm in diameter at the top and bottom, as shown in Figure 1 . The other four slabs were classified as the OV series and had similar cross-sectional dimensions as RE series but with two additional UHPC overlay patches strengthening the tension zone. There were two slab specimens for each considered overlay thickness: one was not reinforced, whereas the other had five high-tensilestrength rebars of 10 mm in diameter as longitudinal reinforcement. The geometric and reinforcement details of the experimental specimens are summarised in Table 1 .
Material properties
The average mechanical properties of the NSC and UHPC are listed in Table 2 . UHPC with a steel fibre volume fraction of 3% was adopted. Straight steel fibres of 13 mm in length and 0.2 mm in diameter were used. The detailed UHPC mix design and the procedures for the preparation of the slabs can be found in the original document (Yin et al. 2017) . The longitudinal reinforcement properties are given in Table 1 .
Summary of test results
Figure 2 shows typical crack patterns of the RE and OV series after testing. The specimens in the RE and OV series mainly failed in flexure and shear, respectively. The debonding of the UHPC from the RC members induced by shear cracks was also observed in the OV series. For
Specimen
Geometric
Longitudinal reinforcement non-composite RC members, the shear behaviour and failure modes depend on the a/d ratio. According to Kotsovos (1983) and Kani (1964) , the causes of the diagonal shear failure are associated with the force transmission between longitudinal rebar and concrete. With the use of high steel ratio (= 2.5%) of the specimens adopted in the present study, the force transmitted to concrete led to a significant reduction of the load sufficient to cause diagonal shear cracks. Figure 3 (a) and (b) illustrates the load-deflection curves of the specimens of the RE and OV series, respectively. As shown in Figure 3 (a), all rehabilitated slabs (RE-20, RE-32, and RE-50) experienced extensive deflection hardening and ductility during the post-cracking stage. Although no improvement to the ultimate load was found in any of the rehabilitated slabs in comparison with RE-0 (Figure 3(a) ), it was reached at a larger displacement as a result of the excellent energy absorption capabilities of the rehabilitated slabs (Yin et al. 2017) .
For the OV series (Figure 3(b) ), because of the strengthening effect, including the increase in the total specimen height, the RC members with a UHPC layer in the tension zone showed an enhanced overall response, including improved stiffness and load carrying capacity, in comparison with RE-0. Although the initial stiffness of the specimens Figure 1 . Test system and specimen details (Yin et al. 2017) containing reinforcing bars in the UHPC did not seem to differ from that of the specimens without rebar, as demonstrated by the similarity in the behaviour of OV-50 and OV-50a, the reinforcing bars in the UHPC increased the ultimate load of the members relative to their non-reinforced counterparts (Yin et al. 2017) . 
For shear reinforcement (stirrups), V s is given as V s = A sw f yt d/s, where A sw is the area of shear reinforcement, f yt is the yield strength of stirrups, d is the effective depth, and s is the spacing of the stirrups. For concrete, V c can be expressed as follows for the considered design codes: -Design code ACI 318 (2008):
where λ is the reduction factor, c f ′ [MPa] is the compressive strength of concrete, ρ s is the longitudinal ratio, V u is the shear force, M u is the ultimate moment, d is the effective depth, and b w is the web width.
-Design code EC2:
where γ c is the concrete safety factor, ρ s is the longitudinal ratio, f ck [MPa] is the concrete strength, d is the effective depth, b w is the web width, and k is the size effect factor. Here, k is given by:
-Design guideline JSCE-2007 JSCE- (2010 :
Figure 2. Typical crack patterns observed for the specimens in the RE and OV series (Yin et al. 2017) Figure 3. Load-deflection curves of the test specimens (Yin et al. 2017) Here: 
where β n ≤ 2;
where β n ≥ 0.
In these equations,
N is the design axial compressive force, M ud is the flexural capacity without consideration of the axial force, M 0 is the flexural moment necessary to cancel the stress due to the axial force at the extreme tension fibre, b w is the web width, d is the effective depth, p v is the reinforcing bar ratio (
f is the design compressive strength of concrete, and γ b (= 1.3) is the member factor.
Design shear strength models for FRC members
The current design guidelines for FRC members ACI 544 
where f ct is the tensile strength of FRC, a is the distance from the loading point to the support, d is the effective depth, and b w is the web width. It is important to note that the empirical formula does not account for factors widely recognised as significantly influencing the shear strength, including the fibre length, fibre type, and the longitudinal rebar ratio.
-Design guideline MC 2010 (2010): This code provides the shear strength for FRC members with or without shear reinforcement (stirrups). The nominal shear strength V n can be expressed as
where V c,F is the FRC contribution to the shear strength and V s is the shear strength provided by the stirrups. In this code, the contribution of fibres to the shear capacity may be taken into account; however, it is recommended to use this code only when the FRC exhibits hardening tensile behaviour. Instead of separately predicting the fibrous contribution, the FRC shear contribution V c,F is estimated solely by modifying the formula for RC members (Eqn (3)) by adding an extra term, as (8) where γ c is the safety factor, ρ s is the longitudinal ratio, f Ftuk is the characteristic value of the ultimate residual tensile strength for the FRC, f ctk is the characteristic value of the FRC tensile strength, f ck [MPa] is the concrete strength, d is the effective depth, b w is the web width, and k is the size effect factor. Here, k is given by
and V s is given as
In these Eqns, A w is the cross-sectional area of the stirrups, s is the spacing of stirrups, f ywd is the design yield strength of the stirrups, θ (= 45°) is the angle between the concrete compression strut and the beam axis perpendicular to the shear force, φ is the angle between shear reinforcement and the beam axis perpendicular to the shear force, and z is the inner lever arm and is recommended to be set to z = 0.9d.
-Design guideline JSCE (2006) This recommendation considers the contributions of the cement matrix and the steel fibres to the shear strength of the ultrahigh-strength fibre-reinforced concrete members. According the recommendation, the nominal shear strength V n is given as
where V c is the contribution of the cement matrix to the shear strength of a member that has no shear reinforcement (stirrups), V F is the contribution of the reinforced fibres, and V ped is the component of effective tensile force of the longitudinal tendons. V c is calculated as
where
is the design compressive strength, b w is the web width, d is the effective depth, and γ b (= 1.3) is the member factor. V F is given by
where f vd is the design average tensile strength perpendicular to diagonal cracks, β u (>30°) is the angle between the member axis and a diagonal crack, z is the inner lever arm and is recommended to be set to d/1.15, and γ b is the member factor that can be taken as 1.3. In the recommendation, because of the fibre orientation included in the design models, f vd can be determined as
where w is the crack width, w lim is the limit value of the crack width and generally taken as 0.3, σ k (w) and σ d (w) are tensile softening curves, and γ c (= 1.3) is the material factor. V ped in the recommendation is expressed as
where P ed is the effective tensile force of the tendons, α p is the angle formed by the tendons and the member axis, and γ b (= 1.1) is the member factor.
Shear strength of UHPC-concrete composite members
Overview
Th e methods of predicting the shear strength of UHPCconcrete composite members proposed in the present study is based on the existing design Eqns explained in Section 2 (ACI 318 2008 , EN 1992 -1-1 2004 , JSCE-2007 2010 , ACI 544 1988 , MC 2010 2010 , and JSCE 2006 . In addition, Noshiravani and Brühwiler (2013b) and Yin et al. (2017) have reported that the predominant contributor to the shear strength of composite members is the web of the RC members. The results of their studies suggest that the shear contribution of thin UHPC layers may be relatively small. The shear capacity may depend on the tensile strength of the UHPC, which may be dominated by steel fibres, and/or the mechanical weak bond interface between the UHPC and the RC members. For this purpose, six different methods were individually proposed to compute the nominal shear resistance of UHPC-concrete members. Three of them, named Methods A1, A2, and A3, were based on converting the volume fraction of steel fibres to the equivalent longitudinal steel ratio. The remaining three methods, named Methods B1, B2, and B3, involve summing the two contributions V c and V UHPC to the shear resistance, where V c is the contribution of the RC members and V UHPC is the contribution of the UHPC layer. It should be mentioned that because the specimens used in this study had no shear reinforcement, the shear strength of the reinforcement was omitted. In addition, although Methods A1, A3, and B1 have been presented previously , prediction from other existing codes were investigated in this study to further demonstrate their accuracy.
Methods of converting the volume fraction of steel fibres
Methods A1, A2, and A3 for the UHPC-concrete composite members were based on the current design codes for RC members ACI 318 ( ), EN 1992 ( -1-1 (2004 , and JSCE-2007 (2010), respectively. The composite members were modelled as equivalent RC members by considering the contribution of the steel fibres in the UHPC to the equivalent longitudinal rebar ratio. This approach was adopted because the contribution of the UHPC layer to the shear capacity of the composite members may depend on the tensile strength of the UHPC when the volume fraction of steel fibres is high (Noshiravani, Brühwiler 2013; Yin et al. 2017 Yin et al. , 2018 .
In the present study, the equivalent rebar ratio ρ was given as:
where ρ s is the rebar ratio of the RC members and ρ eq,F is the equivalent ratio of the volume steel fibres. ρ s is given as:
where A s is the area of the longitudinal rebar, d is the effective depth, and b w is the width of the specimen sections. ρ eq,F is calculated as:
where f ct is the tensile stress of UHPC and is taken as 
where h c is the height of the RC members. Therefore, the shear strength V n,compos of the UHPCconcrete composite members can be expressed as follows based on the considered design codes.
(a) Method A1: Based on ACI 318 (2008):
where λ is the reduction factor,
is the compressive strength of NSC, V u is the shear force, M u is the ultimate moment, d is the effective depth, b w is the web width, ρ s is the longitudinal ratio, and ρ eq,F is the equivalent volume ratio of steel fibres (Eqn (18) 
where γ c is the concrete safety factor, k is the size effect factor, b w is the web width, d is the effective depth, f ck [MPa] is the compressive strength of NSC, ρ s is the longitudinal ratio, and ρ eq,F is the equivalent volume ratio of steel fibres (Eqn (18) 
Here: N is the design axial compressive force, M ud is the flexural capacity without consideration of the axial force; M 0 is the flexural moment necessary to counteract the stress due to the axial force at the extreme tension fibre, ' cd f is the design compressive strength of concrete, b w is the width, d is the effective depth, p v (= A s /(b w d)) is the reinforcing bar ratio, A s is the area of tension reinforcement, and ρ eq,F is the equivalent ratio of the volume steel fibres (Eqn (18)).
Methods based on summing the two shear contributions
In Methods B1, B2, and B3, the shear contributions V c and V UHPC of the UHPC-concrete composite members are independently computed and summed. The RC contribution V c was obtained using the current design codes for RC members, ACI 318 ( (2006) were employed. The calculation was based on the assumption that the UHPC-concrete composite members can be considered as two independent parts (the NSC and UHPC components) that simultaneously fail at the same time. Although this assumption may not correspond to the shear patterns of the actual tests on UHPC in the composite members conducted by Yin et al. (2017) , for the sake of simplicity and to allow comparison with the other methods, this assumption was adopted. The nominal shear strength V n,compos could then be given as follows based on the considered design codes.
(a) Method B1: Based on ACI 318 (2008) and ACI 544 (1988):
where V c,ACI318 is obtained by Eqn (2) for the NSC component and V UHPC,ACI544 for the UHPC component is given as
In these Eqns, the tensile strength f ct of the UHPC was taken as 0. 
where V c,EC2 is obtained by Eqn (3) for the NSC component and V UHPC,MC2010 for the UHPC component is given as:
, MC2010 1 3 0.18 100 1 7.5 .
In these Eqns, the tensile strength f ctk of the UHPC was calculated as 0.3(
is the compressive strength of UHPC, and the effective depth of UHPC was set to d = h U /2, where h U is the thickness of the UHPC. Furthermore, f Ftuk is the characteristic value of the ultimate residual tensile strength for UHPC obtained from the crack opening w u (= 1.5 mm). Because the experiments on UHPC in this study were not conducted to determine the value of f Ftuk , the f Ftuk /f ctk ratio was taken as approximately 0.62. This estimate was based on the work by Gowripalan and Gilbert (2000) , in which the tensile strength of UHPC was related to the crack opening w u . Additionally, γ c is the safety factor, k is the size effect factor, ρ s is the longitudinal ratio, b w is the web width, and f ck [MPa] is the characteristic compressive strength of UHPC. 
where V c, JSCE-2007 is obtained by Eqn (5) for the NSC component and V UHPC,JSCE(2006) for the UHPC component is computed as
Here, V c and V F are given by Eqns (12) and (13) 
In these Eqns, the effective depth d of the UHPC component was assumed to be d = h U /2. In the present study, the angle β u was taken as 45°; f vd was approximated as f vd = f tk /γ c , where f tk was calculated as f tk = 0.3( 
Prediction and verification
Predicted shear strength
The shear strength was mainly evaluated on the OV series specimens because they experimentally failed in diagonal shear cracks. For the RE series specimens, which failed experimentally in flexure, the shear strengths of these specimens were additionally computed for reference.
The shear force V n,exp was experimentally obtained as V n,exp = P u /2, where P u is the ultimate load, and the nominal shear force V n,compos was predicted using the methods in Section 3. The experimental-to-predicted shear strength ratio V n,exp /V n,compos for the OV (specimens failed in shear) and RE (specimens mainly failed in flexure) series were calculated and are listed in Tables 3 and 4 , respectively. Tables 3 and 4 also provide the means, standard deviations (SDs), and coefficients of variation (COVs) for the V n,exp /V n,compos ratios of each series.
The predicted shear strength for the OV series specimens, which experimentally failed in shear, shown in Table 3 agreed reasonably well with the experimental results.
From Table 3 , the predictions based on the converting the volume fraction of steel fibres were found to yield a better accuracy than those obtained using the sum of the two contributions to the shear strength. The modification of ACI 318 (2008) (Method A1), EN 1992-1-1 (2004) (Method A2), and JSCE-2007 (2010) (Method A3) yielded mean V n,exp /V n,compos ratios of 1.20, 1.16, and 1.25, SDs of 0.21, 0.19, and 0.18, and COVs of 17.6%, 16.1%, and 14.6%, respectively. Regarding the methods adopting the sum of the two shear strength contributions, Methods B1, B2, and B3 yielded mean V n,exp /V n,compos ratios of 1.31, 1.41, and 0.92, SDs of 0.21, 0.44, and 0.37, and COVs of 15.9%, 30.8%, and 39.7%, respectively. In addition to the OV series, although the RE series specimens failed experimentally in flexure, the shear strengths of these specimens were calculated and are listed in Table 4 for reference. Since the flexure failure occurred in RE series except RE-0 and RE-20, the comparison of the predicted shear strength and the experimental results showed relatively poor correlations for RE series. For all adopted design Eqns for the RE series, the mean V n,exp /V n,compos ratios, SDs, and COVs ranged (2), (3) and (5)). Note: * V n,compos is obtained from an RC design code (i.e. Eqns (2), (3), and (5)). ** V n,compos is obtained from an FRC design code (i.e. Eqns (6), (8), and (11)).
from 0.84 to 1.23, from 0.20 to 0.40, and from 16.1% to 48.6%, respectively. The shear forces of the OV series specimens are plotted in Figure 4 . As shown in these plots, all design Eqns except Method B3 (Figure 4(f) ) yielded estimates safely below the target line or approximately agreed with the target line representing V n,exp = V n,compos . To further compare the predicted and experimental shear forces of each of the OV series specimens, the results were plotted in a bar chart, as shown in Figure 5 . From Figure 5 , all adopted design codes showed promising results. It is of interest that the Eqns for Methods B1 and B3 do not include a term for the ratio of the longitudinal rebar. The predicted shear strengths were the same at the same UHPC thickness, as can be seen by comparing the OV-25 and OV-25a results and the OV-50 and OV-50a results. For Method B2, the prediction greatly underestimated the actual strengths in the cases of OV-25 and OV-50 because no steel rebar was present in the UHPC (i.e. the UHPC shear contribution was zero in Eqn (26)). 
Prediction of failure mode
In the present study, failure mode prediction was conducted using the shear force V fle given by the flexural moment M fle computed using the method reported by . This shear force V fle was compared with those V n,compos obtained using the six methods adopted in the shear strength prediction (Section 4.1). The calculation method and the flexural moment M fle results are summarised as follows.
In accordance with the method by , the flexural moment of the UHPC-concrete members was computed based on the equilibrium with geometrical compatibility in a section of the members. A representation of the assumed stresses and strains in the UHPC-concrete section is shown in Figure 6 .
From Figure 6 , the equilibrium equation is expressed as:
where:
The flexural moment capacity M fle is then given by: 
h C = height of RC member. h U = thickness of UHPC.
x n = distance between the top surface and neutral axis ( Figure 6 ). x n can be obtained using the strain compatibility and equilibrium condition and checking the strain level in the reinforcement rebar. ′ c f = compressive strength of concrete. α = factor relating the depth of equivalent rectangular compressive stress block to neutral axis depth and it shall be taken as 0.85 in the present study (ACI 318 2008) . 
where l is the fibre length, d is the effective depth, ρ f is the volume fraction of steel fibres, and F be is a factor describing the bond efficiency of the fibres. More details can be found in ACI 544 (1988) . The experimental-to-predicted moment capacity ratios M u,exp /M fle for specimen RE series are listed in Table 5 . For the ratios reported in Table 5 , M u,exp is the ultimate moment experimentally obtained as M u,exp = V n,exp a, where a is the distance from the loading point to the support. As shown in Table 5 , the predicted and experimental flexural moments for the RE series showed good agreement with a mean M u,exp /M fle ratio of 1.01, an SD of 0.14, and a COV of 13.6% .
In the present study, the expected failure mode was evaluated from the ratio V n,compos /V fle . When V n,compos / V fle < 1, the failure mode was expected to be shear failure, and flexure failure was expected otherwise. As shown in Table 5 , although the predicted failure modes did not agree with the experimental modes in all calculation cases, it may be worthwhile to consider these predicted failure modes. Among the considered prediction methods, the most accurate were Methods A2 (based on EC2) and B3 (based on JSCE-2007 (2010 ) and JSCE (2006 ).
Conclusions
A total of six methods of predicting the shear capacity of UHPC-concrete composite members based on existing design codes were presented in this paper. The predicted shear strength of RC slabs strengthened with various UHPC configurations in the tensile zone were verified against experimental results. From the assessments conducted in this study, the following conclusions were reached.
1. The shear strength of UHPC-concrete members obtained using the methods based on converting the volume fraction of steel fibres generally provided better prediction results than the methods adopting the sum of the two shear strength contributions V c and V UHPC . 2. The methods based on converting the volume fraction of steel fibres, Methods A1, A2, and A3, yielded predicted shear strengths for the OV series specimens with mean V n,exp /V n,compos ratios of 1.20, 1.16, and 1.25, SDs of 0.21, 0.19, and 0.18, and COVs of 17.6%, 16.1%, and 14.6%, respectively. The methods summing the two components, Methods B1, B2, and B3, yielded mean V n,exp /V n,compos ratios of 1.31, 1.41, and 0.92, SDs of 0.21, 0.44, and 0.37, and COVs of 15.9%, 30.8%, and 39.7%, respectively. 3. The failure modes determined from the predicted shear force obtained at the predicted flexural moment and those obtained using the adopted methods for the shear force prediction were compared. The failure modes predicted using Methods A2 and B3 were found to be the most accurate among the six methods. 4. From the present study, the proposed methods for UHPC-concrete members based on modifications to existing design models yielded promising results with reasonable accuracy. However, a more realistic and accurate model for UHPC-concrete members is needed in future work. In addition, the test data used to validate the proposed methods of shear strength prediction were limited to nine slab specimens, which consisted of five slabs experimentally failed in shear and other four slabs experimentally failed in flexure.
